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Twisted bilayer graphene (TBG) displays a host of correlated electronic phases associated with the 
formation of flat electronic bands near an interlayer ‘magic angle’ (MA) of 1.1 degrees1–9. Intralayer 
lattice reconstruction10–13, which involves local rotations with consequent localized strain14,15, and 
symmetry breaking due to extrinsic heterostrain have significant implications for electronic behavior 
at the MA9,16,17. Although reconstruction and strain are therefore fundamental to the properties of 
TBG, directly mapping the reconstruction mechanics in the MA regime has been elusive and the 
strain tensor fields of TBG have not been measured. Here, we introduce Bragg interferometry, based 
on four-dimensional scanning transmission electron microscopy (4D-STEM)18–21, to capture the 
atomic displacement fields of TBG with twist angles ranging from 0.1 to 1.6 degrees. Sub-nanometer 
resolution allows us to image atomic reconstruction in MA-TBG and resolve twist angle disorder at 
the level of individual moiré domains. We quantitatively map the strain tensor fields and uncover 
that reconstruction proceeds in two distinct regimes depending on the twist angle—in contrast to 
previous models depicting a single continuous process—and we distinguish the contributions of these 
regimes to the band structure. Further, we find that over a twist angle range encompassing the MA, 
applied heterostrain accumulates anisotropically in saddle point (SP) regions to generate distinctive 
striped strain phases. Our results thus establish the reconstruction mechanics underpinning the twist 
angle dependent electronic behavior of TBG, and provide a new framework for directly visualizing 
strain and reconstruction in other moiré materials.  
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The flat bands and electronic correlations created by moiré superlattices22–24 are fragile and can be 
manipulated or suppressed by small structural deformations. One of the most consequential structural 
modifications in TBG is an intrinsic intralayer atomic lattice reconstruction process10–13 that inhibits flat 
band formation at theoretically predicted22 magic angles below 1.1º. Scanning tunnelling measurements9 
and theoretical calculations16,17 have also provided evidence that extrinsic heterostrain, where one layer is 
stretched relative to the other, may strongly alter the observed electronic phases. Visualizing the structure 
and strain fields of TBG is therefore paramount to understanding and controlling the emergent electronic 
phases. One significant challenge is the presence of hexagonal boron nitride (hBN) multilayers that are 
typically used in device fabrication1–9. Here we use 4D-STEM to investigate the nature of reconstruction 
and localized strain in TBG. We develop a new diffraction-based method, Bragg interferometry, that allows 
high-resolution mapping of the structure and complete two-dimensional (2D) strain tensors of TBG, despite 
the presence of hBN. Our results unveil a previously undetected evolution of reconstruction mechanics as 
a function of twist angle as well as a strong interplay between reconstruction strain fields and heterostrain 
in MA-TBG. 
 
Bragg interferometry and visualization of displacement maps 
We fabricate TBG samples using the common ‘tear and stack’ method25,26, introducing a twist angle of 0.1° 
< θm < 1.6° between the graphene lattices. Fig. 1a shows a schematic of the 4D-STEM experiment, where 
a focused electron beam is rastered through an hBN/TBG heterostructure and the diffracted electron signal 
is collected at each probe position.18 The Bragg disks for each graphene layer, offset by θm, are discernible 
in Fig. 1a. DF images of the TBG layers are synthesized by integrating the intensity in the overlap region 
of each Bragg disk pair corresponding to a graphene reciprocal lattice vector, g, and plotting these intensities 
throughout the 2D scan region, as shown in Fig. 1b for a sample with θm = 1.23°. The total intensity Ij in 
the overlapping region of the jth interfering Bragg disk pair is given by:  !" = $"cos()*+" ∙ -. (1) 
Here u = áux, uyñ is the local displacement vector from an atom in the first graphene layer to the nearest 
atom in the same sub-lattice in the second graphene layer (Fig. 1c) and Aj is a scaling factor representing 
the average number of pixel counts at maximum diffraction intensity. The intensities of the different Bragg 
disks are observed to vary across the sample, corresponding to different local stacking arrangements (Fig. 
1d). Using Eq. 1, the spatial arrangement of atomic stacking domains in the TBG layers can be determined 
by measuring Ij for all ⟨1100⟩ and ⟨2110⟩ reflections and fitting a local u assignment for each pixel in the 
2D real-space scan. Fig. 1e shows a map of the local displacement vectors for TBG with θm = 1.23°, where 
the hue and value vary with displacement vector direction and magnitude, respectively. Using information 
from twelve Bragg disk pairs simultaneously, the displacement vector field provides a more comprehensive 
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picture of the TBG structure compared to DF images (Fig. 1b), allowing clear visualization of the 
reconstructed moiré superlattice over many moiré wavelengths.  
 
These displacement vector maps enable θm mapping at the resolution of individual AB/BA domains by 
registering the centroids of each AA domain. Fig. 2a exemplifies the result of this analysis for the 
displacement map shown in Fig. 1e. Mapping local θm for four samples near the MA, we find standard 
deviations in θm to be approximately constant around 0.03º (Fig. 2b). Since the band structure is defined 
over several supercells2,13,27, the θm distributions we resolve within these ostensibly homogeneous 100 nm 
× 100 nm regions may provide a gauge of the intrinsic θm disorder to be expected from MA-TBG. Notably, 
these standard deviations are close to those determined from recent squid-on-tip measurements acquired at 
lower (~50 nm) resolution27. We also measure the geometric properties of AA and SP stacking domains as 
displayed in Fig. 2c. These data provide qualitative validation of trends previously predicted from 
multiscale modeling10. However, our measurements show larger AA domain diameters and thinner SP 
widths than those predicted from previous simulations. 
 
Strain field mapping 
Displacement field maps like Fig. 1e allow us to determine the complete 2D strain tensor describing all 
directions of in-plane deformation in TBG at each pixel as a function of θm. Consequently, we can measure 
both interlayer azimuthal rotation and intralayer deformation mechanics. The interlayer component is the 
total ‘fixed-body’ rotation28 field θT, from which the local reconstruction rotation field (θR) can be 
determined by removing θm. The maximum shear (also known as principal shear) field, γmax, provides the 
maximum amount of intralayer ‘engineering’ shear strain in any direction experienced by the material28–30. 
 
Figs. 3a–d show maps of θR and γmax for two exemplary values of θm. Figs. 3a, b provide the first direct 
experimental evidence for a reconstruction mechanism predicted by theoretical studies10,11,15,31 and 
suggested by indirect electron diffraction data13: both maps display significant positive θR in AA domains 
and negative θR in AB/BA domains. Positive θRAA signifies rotation in the direction of θm, which shrinks 
the area of the higher energy AA domain. Negative θRAB shows that reconstruction is counteracting θm to 
bring the AB domains closer to commensurate, low-energy Bernal-stacking. These effects of θm on 
rotational reconstruction can be clearly visualized in a sample possessing θm varying rapidly from 1.3º to 
0.6º owing to a nearby tear in one of the graphene layers (Fig. 3e). In Fig. 3e, because of the variation in 
θm over the field of view, we plot θT instead of θR.  
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Fig. 3f summarizes θTAA and θRAA as a function of θm based on twenty twist angle-homogenous images and 
two additional datasets over regions with a nearby tear. The two types of datasets show excellent agreement, 
with greater precision from the homogenous maps. As θm nears zero, θRAA approaches a limiting value of 
approximately 1.2º. For θm < 0.5°, reconstruction keeps θTAA approximately constant. Extrapolation of θRAA 
to large θm suggests an onset of significant reconstruction at θm ~ 2°. 
 
These rotational mechanics provide a basis to understand the intralayer shear strain produced by 
reconstruction. Maps of γmax (Fig. 3c, d) show that intralayer strain is localized in the SP at both values of 
θm, with peak values of γmax exceeding 0.8% in both cases. In both twist angle limits, despite the large 
rotational reconstruction taking place (Fig. 3a, b), γmax decreases rapidly upon approaching the core of the 
AA domain. This is due to the bivariate Gaussian radial profile of AA reconstruction10: near the center of 
the AA domain, the approximately constant θRAA produces no intralayer strain. For θm = 0.26º (Fig. 3c), 
AB domains exhibit no intralayer strain over an extended region, which is again consistent with the constant 
θRAB observed over the same area (Fig. 3a). By contrast, θRAB in MA-TBG changes more rapidly through 
space (Fig. 3b), as extended Bernal domains have not formed. Consequently, intralayer strain in MA-TBG 
appears less localized than strain at smaller twists, relative to the moiré unit cell size. While some regions 
of Fig. 3d show nearly six-fold symmetric SP strain, other regions display more striped features, an 
observation we shall return to later. 
 
In addition to γmax, SP strain can also be understood in terms of simple shear strain (syx = ∂uy/∂x and sxy = 
∂ux/∂y). The quantity syx, used in previous one-dimensional strain analysis of shear soliton walls14, considers 
the displacement change parallel to a soliton wall (i.e., misfit dislocation)32,33. Based on syx alone, Fig. 3g 
shows that intralayer shear strain would appear to be minimal in MA-TBG. However, both sxy and syx are 
directly obtained from our 2D strain measurements. As θm decreases through 1.1º, sxy is larger and increases 
more rapidly than syx until a maximum around θm = 0.8º, after which an inversion in syx and sxy occurs at 
~0.5º. This plot of γmax(θm) shows that the average intralayer shear strain loading in MA-TBG is 
substantially greater than suggested by syx or sxy alone, and comparable to that at smaller θm, with a limiting 
mean γmax of ~0.8%. 
 
The crossing of the syx and sxy magnitudes in SP domains at θm = 0.5º arises because simple shear strain 
combines intralayer pure shear with interlayer fixed-body rotation28, and is therefore helpfully explained 
by evaluating the interlayer reconstruction rotation. In Fig. 3h θRSP and θRAB are plotted as a function of θm. 
We find that θRSP undergoes a sign change from negative to positive as θm decreases, consistent with the 
changing relative magnitudes of syx and sxy in Fig. 3g. These θRSP data imply SP expansion in MA-TBG and 
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shrinkage at very small θm. Although θRAB < 0 over the entire range to counteract θm, Fig. 3h also reveals 
that θRAB varies non-monotonically with θm, reaching its minimum value of θRAB = –0.3° at θm ~ 0.8º. Fully 
commensurate AB stacking is achieved when θRAB = –θm, a condition met for θm < 0.2°. Notably, the shear-
induced displacement on the AB boundary grows as θm decreases, despite this diminution in the magnitude 
of θRAB (Fig. 3h inset). Moreover, for θm < 0.5°, the displacement effect of θRAB accelerates and in the limit 
of θm < 0.2°, we calculate an induced displacement on each side of the AB boundary of about one-half the 
C–C bond length. This displacement change is sufficient to explain the formation of thin shear solitons in 
their entirety, indicating that AB counter-rotation is a mechanism for generating soliton walls. 
 
Dual regimes of reconstruction mechanics in TBG 
To explore how these observed trends directly impact the structure of TBG, we extract the area percentage 
of AA, AB, and SP stacking from our displacement maps and plot these as a function of θm in Fig. 4a. 
Interestingly, we again find two regimes with a trend change near θm = 0.5°, the point at which θRSP changes 
sign (Fig. 3h). For θm > 0.5°, AA domain fractions shrink steadily as θm decreases, a process driven by 
increasing θRAA. In this regime, as θm decreases, AB and SP domain areas both steadily increase, consistent 
with a dominant reconstruction process that does not distinguish between these stacking orders. In contrast, 
AB and SP areas diverge for θm < 0.5°. AB domains increase rapidly in size to dominate the material, while 
SP domains decrease in relative area fraction (despite increasing in absolute width as shown in Fig. 2c) as 
they form true shear soliton walls bordering the AB domains in the small angle limit. Even though AA 
domains have approximately constant radius in this regime (Fig. 2c), they continue to decrease in area 
fraction because of the expanding moiré unit cell. 
 
These two regimes of reconstruction can be further understood by analysing the reconstruction mechanics 
of TBG entirely through maps of simple shear strain using local axis rotations. Again, AA reconstruction 
exerts the main effect for θm > 0.5° (Fig. 4b). In this regime, the dominant simple shear is perpendicular to 
the SP domain path between closely spaced AA domains (sxy > syx in Fig. 3g), driven by positive θRAA. 
While AB counter-rotation does occur, the induced displacement change is minimal because the moiré 
wavelength is small (Fig. 3h, inset). Further, the fixed-body rotation produced by AA simple shear is 
expected to be negative (Fig. 4d, right), explaining the observed negative SP local rotation for θm > 0.5° 
(Fig. 3h). For θm < 0.5°, AB reconstruction dominates. Because the AA rotation field decays quickly away 
from the AA core (Fig. 3a) and only a small θRAB is required to counteract the small θm, AB counter-rotation 
alone serves to maintain true soliton walls in this regime (Fig. 4c). Adjoining AB–BA domains rotating in 
the same direction (with negative θRAB) generate dominant simple shear parallel to the soliton wall (Fig. 
4c), demonstrating the case where syx > sxy in Fig. 3g and θRSP is expected to be positive (Fig. 3h and Fig. 
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4d, left). When AA and AB simple shear forces are balanced in the SPs, θRSP passes through 0° because the 
SP domain experiences a pure shear force (Fig. 4d, centre). This occurs near θm = 0.5°, the critical angle 
separating the two regimes. Out of these results emerges a new conceptual picture of TBG reconstruction 
as an interplay between AA and AB/BA rotation (Fig. 4d). 
 
To probe the electronic structure implications of our findings, we perform density functional theory (DFT) 
calculations on atomic coordinates obtained from a simple parameterized reconstruction model that allows 
selective implementation of θRAA- or θRAB-dominated reconstruction. The electronic structure of TBG is 
predominantly described by variation in interlayer electronic tunnelling over the moiré superlattice22, which 
is highly sensitive to atomic reconstruction34,35. We find that the relative importance of θRAA and θRAB for 
electronic interlayer tunnelling changes with θm. At θm = 1.15°, sole application of θRAA yields better 
agreement with the fully reconstructed structure than pure θRAB, while for θm < 0.5°, the converse is true 
(Fig. 4e). This quantitative result agrees with our two-regimes model developed from strain mapping (Fig. 
4d). 
 
Effect of heterostrain on reconstruction strain fields 
Finally, we consider the influence of extrinsic heterostrain in modifying the reconstruction strain fields. 
Returning to the region in the vicinity of a tear (Fig. 3e), we estimate the uniaxial heterostrain, εH, over the 
field of view (Fig. 5a) using a previous model9, revealing regions with nearly identical θm near the MA, but 
possessing εH varying between 0.1 and 1%. Fig. 5b shows that MA-TBG regions with minimal εH (box 1) 
exhibit a fully six-fold symmetric strain pattern with localized, isolated pockets of shear strain on each 
individual SP domain. By contrast, regions with large εH (box 2) display striking striped features in γmax. 
Additionally, SP shear strain fields are magnified both in value and in extent in heterostrained regions, 
suggesting that the extra strain loading from heterostrain localizes in the SP domains. Fig. 5c captures this 
heterostrain-induced modification in a sample at θm = 0.63º where the domains are more zig-zag in nature 
and the unstrained AB domains are consequently offset away from the shortened SP domain angles. 
Prompted by these experimental observations, Fig. 5d displays the results of finite-element relaxation of 
heterostrained TBG. Simulations show excellent agreement with the experimentally extracted strain 
distributions and help to explain the formation of these quasi one-dimensional (1D) strain features on 
geometric grounds. By changing the moiré cell geometry through the superimposition of two moiré 
patterns, heterostrain decreases the angle between at least two pairs of SP domains, mandating a more rapid 
change in displacement. This ‘displacement pinching’ effect implies the need for a connected shear strain 
field in the decreased SP angle area in order to maintain reconstruction. Rather than shrinking or bending 
to avoid contact, the SP strain fields remain approximately constant width under heterostrain, and therefore 
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blend near the shortened SP domain angles to break rotational symmetry and form striped domains. The 
tendency for TBG to generate this strain field rather than lessening the degree of reconstruction points to 
the importance of stacking energy over intralayer strain energy for driving reconstruction mechanics. This 
model also explains the observation of pronounced 1D striped domains in MA-TBG by comparison to TBG 
at smaller twists (Fig. 3c).  
 
Discussion 
Our 4D-STEM Bragg interferometry methodology and analysis make it possible to image moiré 
superlattices in MA-TBG notwithstanding the real space colocalization of hBN multilayers. The 
visualization of domain stacking distributions at the level of individual AB/BA domains enables evaluation 
of the fundamental geometric disorder27 in TBG, and 2D strain field mapping unveils a rich landscape of 
structural mechanics in TBG. Intralayer shear strain due to reconstruction is largely concentrated in SP 
domains, and is found to be substantial near the MA. We find two regimes of reconstruction in TBG 
involving a competition between AA and AB/BA local rotations that are balanced near a moiré angle of 
0.5º. We show that this competition manifests directly in the electronic interlayer coupling that governs the 
band structure. MA-TBG has recently been found to possess either intrinsic nematic order or a strong 
nematic susceptibility9 that appears triggered by heterostrain. Our strain field maps and displacement 
pinching model show how mesoscale heterostrain in TBG is translated into localized, symmetry-breaking 
nanoscale features through the anisotropic amplification and deformation of SP domains into 1D strain-
structures.  
 
The new Bragg interferometry method introduced here is applicable to any heterostructure with colocalized 
reciprocal lattice vectors and may be performed in a manner compatible with in situ mechanical straining, 
now permitting such manipulations to be visualized directly and quantitatively. While our methodology 
only considers displacements and strain in the lateral plane, emerging holography techniques may provide 
a route to obtaining complementary z-axis information.36 The investigation of other moiré materials by this 
methodology will elucidate the interplay between intrinsic reconstruction strain, extrinsic uniaxial strain, 
and correlated electronic phases. 
 
(1) Cao, Y. et al. Unconventional superconductivity in magic-angle graphene superlattices. Nature 556, 
43–50 (2018). 
 
References 
 8 
 
(2) Cao, Y. et al. Correlated Insulator Behaviour at Half-Filling in Magic-Angle Graphene Superlattices. 
Nature 556, 80–84 (2018). 
(3) Yankowitz, M. et al. Tuning superconductivity in twisted bilayer graphene. Science 363, 1059–1064 
(2019). 
(4) Sharpe, A. L. et al. Emergent ferromagnetism near three-quarters filling in twisted bilayer graphene. 
Science 365, 605–608 (2019). 
(5) Lu, X. et al. Superconductors, orbital magnets and correlated states in magic-angle bilayer graphene. 
Nature 574, 653–657 (2019). 
(6) Serlin, M. et al. Intrinsic quantized anomalous Hall effect in a moiré heterostructure. Science 367, 
900–903 (2020). 
(7) Xie, Y. et al. Spectroscopic signatures of many-body correlations in magic-angle twisted bilayer 
graphene. Nature 572, 101–105 (2019). 
(8) Jiang, Y. et al. Charge order and broken rotational symmetry in magic-angle twisted bilayer graphene. 
Nature 573, 91–95 (2019). 
(9) Kerelsky, A. et al. Maximized electron interactions at the magic angle in twisted bilayer graphene. 
Nature 572, 95–100 (2019). 
(10) Zhang, K. & Tadmor, E. B. Structural and electron diffraction scaling of twisted graphene bilayers. 
J. Mech. Phys. Solids 112, 225–238 (2018). 
(11) Carr, S. et al. Relaxation and domain formation in incommensurate two-dimensional 
heterostructures. Phys. Rev. B 98, 224102 (2018). 
(12) Nam, N. N. T. & Koshino, M. Lattice relaxation and energy band modulation in twisted bilayer 
graphene. Phys. Rev. B 96, 075311 (2017). 
(13) Yoo, H. et al. Atomic and electronic reconstruction at the van der Waals interface in twisted bilayer 
graphene. Nat. Mater. 18, 448–453 (2019). 
(14) Alden, J. S. et al. Strain solitons and topological defects in bilayer graphene. Proc. Natl. Acad. Sci. 
USA 110, 11256–11260 (2013). 
(15) Dai, S., Xiang, Y. & Srolovitz, D. J. Twisted Bilayer Graphene: Moiré with a Twist. Nano Lett. 16, 
5923–5927 (2016). 
(16) Huder, L. et al. Electronic Spectrum of Twisted Graphene Layers under Heterostrain. Phys. Rev. Lett. 
120, 156405 (2018). 
(17) Bi, Z., Yuan, N. F. Q. & Fu, L. Designing flat bands by strain. Phys. Rev. B 100, 035448 (2019). 
(18) Ophus, C. Four-dimensional scanning transmission electron microscopy (4D-STEM): from scanning 
nanodiffraction to ptychography and beyond. Microsc. Microanal. 25, 563–582 (2019). 
 
 9 
 
(19) Yang, H. et al. 4D STEM: High efficiency phase contrast imaging using a fast pixelated detector. J. 
Phys. Conf. Ser. 644, 012032 (2015). 
(20) Jiang, Y. et al. Electron ptychography of 2D materials to deep sub-ångström resolution. Nature 559, 
343–349 (2018). 
(21) Panova, O. et al. Diffraction imaging of nanocrystalline structures in organic semiconductor 
molecular thin films. Nat. Mater. 4, 83 (2019). 
(22) Bistritzer, R. & MacDonald, A. H. Moiré bands in twisted double-layer graphene. Proc. Natl. Acad. 
Sci. USA 108, 12233–12237 (2011). 
(23) Morell, E. S., Correa, J. D., Vargas, P., Pacheco, M. & Barticevic, Z. Flat bands in slightly twisted 
bilayer graphene: Tight-binding calculations. Phys. Rev. B 82, 121407 (2010). 
(24) Santos, dos, J. M. B. L., Peres, N. M. R. & Neto, A. H. C. Continuum model of the twisted graphene 
bilayer. Phys. Rev. B 86, 155449 (2012). 
(25) Kim, K. et al. van der Waals Heterostructures with High Accuracy Rotational Alignment. Nano Lett. 
16, 1989–1995 (2016). 
(26) Cao, Y. et al. Superlattice-Induced Insulating States and Valley-Protected Orbits in Twisted Bilayer 
Graphene. Phys. Rev. Lett. 117, 116804 (2016). 
(27) Uri, A. et al. Mapping the twist-angle disorder and Landau levels in magic-angle graphene. Nature 
581, 47–52 (2020). 
(28) Kelly, P. Mechanics Lecture Notes. (University of Auckland, Auckland, NZ, 2013). 
(29) Boresi, A. P., Schmidt, R. J. Advanced Mechanics of Materials. 55–72 (John Wiley & Sons, Inc., 
2003). 
(30) McGinty, B. Continuum Mechanics (2012). At https://www.continuummechanics.org 
(31) van Wijk, M. M., Schuring, A., Katsnelson, M. I. & Fasolino, A. Relaxation of moiré patterns for 
slightly misaligned identical lattices: graphene on graphite. 2D Mater. 2, 034010 (2015). 
(32) Woods, C. R. et al. Commensurate–incommensurate transition in graphene on hexagonal boron 
nitride. Nat. Phys. 10, 451–456 (2014). 
(33) Butz, B. et al. Dislocations in bilayer graphene. Nature 505, 533–537 (2014). 
(34) Carr, S., Fang, S., Zhu, Z., & Kaxiras, E. Exact continuum model for low energy electronic states of 
twisted bilayer graphene. Phys. Rev. Research 1, 013001 (2019). 
(35) Guinea, F., & Walet, N. R. Continuum models for twisted bilayer graphene: Effect of lattice 
deformation and hopping parameters. Phys. Rev. B 99, 205134 (2019). 
(36) Latychevskaia, T., et al. Holographic reconstruction of interlayer distance of bilayer two-dimensional 
crystal samples from their convergent beam electron diffraction patterns. Ultramicroscopy (2020). 
https://doi.org/10.1016/j.ultramic.2020.113020 
 10 
Acknowledgements  
We are grateful to Philip Kim for discussions. The major experimental work is supported by the Office of 
Naval Research Young Investigator Program under Award No. N00014-19-1-2199. MV acknowledges 
support from an NSF GRFP award and UC Berkeley Chancellor’s Fellowship. Work at the Molecular 
Foundry was supported by the Office of Science, Office of Basic Energy Sciences, of the U.S. Department 
of Energy under Contract No. DE-AC02-05CH1123. CO acknowledges support of the Department of 
Energy Early Career Research Award program. JC and HGB acknowledge support from the Presidential 
Early Career Award for Scientists and Engineers (PECASE) through the U.S. Department of Energy. DKB 
acknowledges support from the Rose Hills Foundation through the Rose Hills Innovator Program. K.W. 
and T.T. acknowledge support from the Elemental Strategy Initiative conducted by the MEXT, Japan, Grant 
Number JPMXP0112101001, JSPS KAKENHI Grant Number JP20H00354 and the CREST 
(JPMJCR15F3), JST. 
 
Author Contributions 
NPK, MV, CO, KCB, HB, and DKB conceived the study. MV designed and fabricated the samples. MV, 
KCB, and JC acquired the 4D-STEM data. NPK, CO, and HB created the data analysis code. SC carried 
out the band structure calculations and finite-element modelling. TT and KW provided the bulk hBN 
crystals. NPK and MV processed the data. NPK, MV, and DKB analysed the data and wrote the manuscript. 
All authors contributed to the overall scientific interpretation and edited the manuscript. 
 
Author Information 
The authors declare no competing financial interests. Correspondence and requests for materials should be 
addressed to D.K.B. (e-mail: bediako@berkeley.edu).  
asilicon nitride
TEM grid
kx
ky
x
y
hBN
hBN
TBG
4D-STEM dataset
hBN TBG
(1.23°)
 g = 1100 g = 2110
(x1,y1) (x2,y2) (x3,y3)
SP3SP1 SP2BAABAA
c
200
250
d
0
1
AA AB/BA SP1
200
250
200
250
In
te
ns
ity
(1100)
x
y
AA
S
P
1
S
P
1SP
2
SP3
SP
2
AA
AA
AAAB
BA
0
1.42
1.23 
x-displacement (Å)y
-d
isp
lac
em
en
t (
Å)
0
b
e
g = 1010– g = 1120–
SP1
SP3SP2
electron
beam
camera
beam interference
11
Figure 1. 4D-STEM Bragg interferometry of TBG. a, Schematic of 4D-STEM of an hBN/TBG heterostructure, showing 
Bragg disks of azimuthally misaligned layers. b, ‘Virtual’ dark field images synthesized from 4D-STEM data of a TBG 
sample with θm = 1.23º. Scale bars: 20 nm. c, Common stacking order types with the corresponding displacement vectors 
depicted with arrows. d, Averaged diffraction patterns for three common TBG stacking orders (hBN Bragg disks have been 
masked). e, Displacement field map for TBG (θm = 1.23º). Scale bar: 20 nm. Bottom left: Two-dimensional hue–value col-
orization scheme used to produce the image from the fitted displacement vectors. Displacement vectors in c correspond to 
(x,y) displacement points in the half-hexagon and are colored accordingly. Bottom right: Schematic of the real space dis-
placement map for TBG domains.
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Figure 2. Twist angle disorder and geometry analysis of TBG. a, Map of local θm determined from AA-triangulated 
moiré domain size over a region with an average twist angle of 1.23º (from displacement map shown in Figure 1e). Scale 
bar: 20 nm. b, Intrinsic local twist angle disorder for four 100 nm × 100 nm datasets of samples about the magic angle. Mean 
values of θm and standard deviations are noted. c, Domain size variation as a function of θm. Dashed lines are drawn as visual 
guides to the overall trends. Vertical axis error bars represent 95% confidence intervals in domain size and horizontal axis 
error bars represent standard deviations of θm.
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Figure 3. Strain mapping of TBG. a–d, θR (a, b) and γmax (c, d) maps for θm = 0.26° (a, c) and θm = 1.03° (b, d). Overlaid 
dashed lines depict moiré unit cell geometry from displacement maps. θR maps display combined reconstruction rotation of 
both layers at each pixel and γmax maps represent the average strain per graphene layer at each pixel. e, θT for a TBG region in 
the vicinity of a tear in one of the graphene layers. Insets show maps of the displacement field (left) and moiré angle (right). 
f, Total (blue, purple circles) and reconstruction (red, pink triangles) rotation in AA domains as a function of θm. Filled mark-
ers indicate average values obtained from a complete 4D-STEM dataset over a homogenous twist angle region with a field 
of view ≥ 50 nm × 50 nm, with vertical-axis error bars depicting 95% confidence intervals. Open markers indicate individual 
AA domains from two datasets that possess rapidly-changing θm due to a nearby tear (e), with error bars from standard devi-
ation of pixels. The solid line represents the moiré rotation. g, Three metrics for shear strain in SP domains (γmax, sxy, and syx 
) as a function of θm. h, AB and SP local rotation as a function of θm showing crossover in SP reconstruction rotation near θm 
= 0.5º and AB commensurability criterion θR
AB = –θm (grey line) for θm < 0.2º. Inset: reconstruction-induced displacement 
on the boundary of two counter-rotating AB domains. In g and h, all horizontal-axis error bars depict standard deviations of 
moiré angles and vertical-axis error bars depict 95% confidence intervals. All scale bars: 20 nm.
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Figure 4. Regimes of reconstruction in TBG. a, Variation of relative stacking order areas with twist angle. Solid horizontal 
lines show the constant stacking area for a rigid moiré (no reconstruction) for comparison. See Methods for stacking order 
assignment criteria. b, c, Simple shear decompositions for TBG at θm = 1.03º (b) and θm = 0.14º (c). Red and blue arrows 
give the directions and relative magnitudes of the two simple shear components. Scale bars: 5 nm (b) and 20 nm (c). d, Sche-
matic of the AA- and AB-dominated reconstruction regimes for TBG, explaining the observed changes in simple shear and 
SP reconstruction rotation. e, The similarity in the DFT-computed electronic interlayer scattering between the application 
of singular rotations (either θR
AA or θR
AB) and the full reconstruction (both θR
AA and θR
AB) is given by a generalized ‘angle’: 
a smaller angle indicates better agreement with full reconstruction. This similarity is assessed for interlayer scattering be-
tween similar (ϕω0) and dissimilar (ϕω1) orbitals for both θR
AA only (black) and θR
AB only (light grey) relaxation assumptions.
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Figure 5. Visualizing the effect of uniaxial heterostrain on TBG reconstruction. a, Map of heterostrain, εH, determined 
from AA triangulation over the sample shown in Figure 3e. Boxes 1 and 2 highlight two areas with similar θm ~ 1.1º but 
possessing significantly different amounts of εH. b, Map of γmax (average per layer) over the region in a showing six-fold 
symmetric SP strain patterns in box 1 (minimal εH) and striped strain features in box 2 (εH ~0.7%). c, Map of γmax (average 
per layer) over a homogenously heterostrained (εH ~0.45%) sample with θm = 0.63º showing pronounced zig-zag features. 
Overlaid dashed lines depict the moiré pattern based on the displacement field maps. d, Calculations from a finite-element 
relaxation method using parameters extracted from density functional theory for θm = 1.1º without (left) and with (right) 
uniaxial heterostrain (εH = 0.7%). Solid lines depict the moiré supercell. All scale bars: 20 nm.
